Studies were conducted to determine the dietary amounts of deoxynivalenol (DON; vomitoxin) in dog and cat food that are required to produce overt signs of toxicity (e.g., vomiting or reduced food intake). Wheat naturally contaminated with 37 mg of DON/kg was used to manufacture pet foods containing 0, 1, 2, 4, 6, 8, and 10 mg of DON/kg. Deoxynivalenol concentration in pet food following manufacture was unchanged, indicating that the toxin was stable during conventional extrusion processing. Dogs previously fed DON-contaminated food were able to preferentially select uncontaminated food. Dogs not previously exposed to DON-contaminated food consumed equal quantities of contaminated and uncontaminated food. There was no effect of 6 mg of DON/kg on dog food digestibility. Food intake of dogs was significantly reduced by DON concentrations greater than 4.5 ± 1.7 mg/kg, and DON greater than 7.7 ± 1.1 mg/kg reduced cat food intake. Vomiting by dogs and cats was commonly observed at the 8 and 10 mg DON levels.
Introduction
Vomiting and feed refusal by swine and other nonruminant animals has been associated with intake of scabby grain (Vesonder and Hesseltine, 1981) . The causative agent, a trichothecene mycotoxin, deoxynivalenol ( DON; vomitoxin) was isolated from Fusarium-contaminated corn (Vesonder et al., 1973 (Vesonder et al., , 1976 . Deoxynivalenol above 2 mg/kg is toxic to swine, but poultry and ruminants tolerate higher levels, in part because of differences in metabolism of DON (Trenholm et al., 1984; Cote et al., 1986; Moran et al., 1987) . Ruminal microorganisms convert DON extensively to deepoxydeoxynivalenol, which is less toxic than the parent material.
The occurrence of Fusarium species in raw food and feed material was reviewed by De Nus et al. (1996) . Sixty-one species of Fusarium have been reported in the literature during the past 30 yr. Of these, 35 species produce mycotoxins. Most of the toxins, and notably DON, are stable under normal food processing conditions, including sterilization temperatures (120°C). Therefore, if the toxins are present in the raw material used for manufacture, they can be present in ready-to-eat foods and feeds (Scott, 1984) .
Commercial dry extruded pet foods may contain large quantities of grain and grain by-products, and grain by-products may contain concentrated amounts of DON (Abbas et al., 1985; Scott, 1990) . No reports on the influence of dietary DON on dogs or cats were found in the scientific literature. The present studies were conducted to determine the impact of conventional extrusion processing of food on DON level and to determine the level of DON in pet food that is required to produce overt signs of toxicity (e.g., vomiting or reduced food intake). The ability of dogs and cats to detect and avoid intake of DON-contaminated diets was also studied. Loss of 15% of initial body weight or failure to consume food for 3 d were established as grounds for removal of a dog or cat from the studies reported herein.
Materials and Methods

Diet Formulation and Extrusion
Hard red spring wheat naturally contaminated with greater than 20 mg/kg (limit of the method) of DON was detected during routine screening of samples from loads of wheat presented for sale to one of our pet food manufacturing facilities. Screening was accomplished using an ELISA procedure (Veratox) and kit reagents from the Neogen Corporation (Lansing, MI). The samples were extracted with 100 mL of deionized water instead of 50 mL to ensure sufficient liquid phase for absorptive ingredients. Color formation was determined using a 100-mL flow cell in a Beckman DU-40 (Beckman Instruments, Irvine, CA) spectrophotometer at a wavelength of 650 nm. For this procedure, the curve for each series was plotted on a percentile vs a three-cycle log scale graph paper provided by the manufacturer, and the result for each sample was determined from the graph. Deoxynivalenol content of a well-blended sample of the contaminated wheat was determined to be 37 mg/ kg in our laboratory, using the FluoroQuant procedure with kit reagents and procedures supplied by Romer Laboratories (Union, MO). This procedure employs derivatization of DON in a purified sample extract with zirconyl nitrate, and the resulting fluorescent derivatives are placed in a calibrated fluorometer for quantification of the DON. A commercial laboratory (Romer Laboratories) confirmed our results using the liquid chromatographic method of Trucksess et al. (1996) , reporting 37.2 mg DON/kg. The commercial laboratory also conducted a mycotoxin screen on the wheat using thin layer chromatography (Trucksess et al., 1984) . In addition to DON, the contaminated wheat was found to contain 1 mg of 15-acetyl DON/kg. The wheat did not contain the following mycotoxins (detection limit as milligrams per kilogram in parentheses): T-2 toxin (.1), HT-2 toxin (.1), diacetoxyscirpenol (.3), neosolaniol (.5), fusarenone-X (.5), 3-acetyl DON (.1), nivalenol (.5), zearalenone (.2), and zearalenol (.3).
Diets containing 0, 1, 2, 4, 6, 8, and 10 mg of DON/ kg were prepared. A basal diet ( V0; Table 1 ) to meet the nutritional needs of dogs and cats was formulated following AAFCO (1996) nutrient profiles. Ingredient content was based on the composition of a diet known to be exceptionally palatable for cats (our unpublished observations). The inclusion level of wheat was adjusted to provide 10 mg of DON/kg in Diet V10. Locally obtained hard red winter wheat that was free of mold toxins, within the limits of detection using procedures described above, was used in the basal diet.
Diets V0 and V10 were extruded using a seven-head Wenger X-25 (Wenger Manufacturing, Kansas City, MO) with a twin shaft conditioner, operating at a rate of approximately 773 kg/h. The dietary ingredients except for animal fat and animal digest were thoroughly blended, then ground through a 1.2-mm mesh screen. Steam at 207 kPa and hot water (54.4°C ) were injected into the ground meal during conditioning at respective rates of 58 and 77 kg/h. Meal temperature rose to 99°C in the conditioner. Hot water (54.4°C ) was also injected into the meal in the first head at a rate of 11.8 kg/h. Additional moisture and heat were provided by injection of steam (758 kPa) into the fourth head at a rate of 12.5 kg/h. Cooling water was circulated through the jackets of all seven heads. The meals were extruded through six die inserts with 5.5-mm round holes, providing approximately 480 mm 2 open area per metric ton throughput.
Extruded product had an expanded diameter of 10 mm and was cut to 5-mm lengths by adjusting the speed of knife rotation on the end of the barrel. Bulk density of both extruded diets was 369 g/L. Following extrusion, the products were dried to approximately 90% DM and cooled in a Wenger Model 600 single-pass dryer/cooler. The dryer temperature was set at 104°C. Following exit from the dryer/cooler, formula amounts of animal fat and animal digest were coated on the outside of the pet foods as they were tumbled in a horizontal paddle mixer.
Extruded pet foods V0 and V10 were blended to produce diets containing, in addition to 0 and 10, either 1, 2, 4, 6, or 8 mg of DON/kg. Deoxynivalenol contents of finished diets were determined in our laboratory using the Veratox (Neogen Corporation) method previously described.
Experiment 1
Forty-nine mature ( 1 to 7 yr of age) Brittany and Beagle dogs weighing from 15 to 20 kg were used in the study. Brittany dogs were housed in indoor pens (1.5 × 1.5 m ) with access to an outside run (1.5 × 4.7 m). The pens had concrete floors and were equipped with resting pads (.6 × .9 m). The Beagles were housed in raised crates (1.2 × 1.8 m ) with expanded polyvinyl-coated metal flooring in an environmentally controlled room. These pens were also equipped with a resting pad (.6 × .45 m). Dogs were randomly assigned, irrespective of breed and gender, to one of seven dietary treatments (0, 1, 2, 4, 6, 8, or 10 mg of DON/kg feed). Seven to eight pens of dogs were assigned to receive 0, 6, or 10 mg/kg levels, whereas one to two pens were assigned to receive the other levels. The dogs were fed once daily an amount of feed calculated to provide the sum of the individual maintenance energy requirements of the dogs in a pen. Diet V0 was fed at this maintenance level to all pens for 2 d before initiation of the study to verify that the dogs would consume all that was offered of a feed that was not contaminated with DON. The daily amount of feed offered to a pen was calculated by dividing the estimated maintenance energy requirement of a pen by an estimate of the diet metabolizable energy content. Maintenance energy requirements of the dogs were calculated based on the following NRC (1974) equation: ME, kcal/d = 132 × BW .75 . Feed energy content was estimated to be 3,300 kcal/kg using modified Atwater factors of 3.5 kcal of ME/g of CP and nitrogen-free extract ( NFE) and 8.5 kcal of ME/g of fat (NRC, 1985) and a calculated diet composition of 30% CP, 9.4% fat, and 41.3% NFE. Feed not consumed by the dogs in a pen was recovered each day just before feeding and was weighed and used to calculate daily feed intake. Feed consumption and incidences of vomiting were monitored for 14 d. Dogs were weighed at the start of the study and on d 7 and 14.
Experiment 2
Twenty mature ( 1 to 9 yr of age) American Shorthair cats weighing from 2 to 4 kg were used in the study. Cats were housed in an environmentally controlled room in cages with polyvinyl-coated wire mesh bottoms (76 × 91 × 76 cm high). All cages were equipped with a resting pad (20 × 76 cm) and litter box. Seven cages of cats with one to two cats per cage were assigned to receive the 10 mg/kg treatment level. One cage of cats (two cats per cage) was randomly assigned to each of the remaining six dietary treatments (0, 1, 2, 4, 6, or 8 mg of DON/kg of feed). Experimental procedures were otherwise as in Exp. 1, except maintenance energy requirements of the cats were calculated based on the NRC (1986) equation ME, kcal/d = 70 × BW.
Experiment 3
Ten adult ( 1 to 9 yr of age) American Shorthair cats that had not been exposed to DON-contaminated feed were used to conduct a preference study. Daily intakes of Diets V0 and V6 were measured during a 5-d study. Cats were individually housed in cages and offered more than sufficient amounts of each food in separate bowls to provide their daily need. Relative positions of the food bowls in the cages were reversed on a daily basis. Orts were recovered just before the next feeding and weighed to determine the amount of each food consumed.
Two preference studies were conducted with dogs to determine whether prior exposure to DON-contaminated food would influence the dog's ability to discriminate between contaminated ( V 6 ) and uncontaminated ( V 0 ) food. Twenty-one dogs with previously demonstrated ability to discriminate between foods (in-house protocol), irrespective of gender or breed, were selected. Maintenance energy needs were estimated as described in Exp. 1. Seven dogs were exposed to DON by offering maintenance quantities of Diet V10 during a 1-wk period. The remaining dogs were offered maintenance quantities of Diet V0. All dogs were then offered maintenance quantities of a commercial diet verified to be free of DON for an additional week to allow intake to return to normal. Daily intakes of Diets V0 and V6 by the exposed and unexposed groups of dogs were measured during two 5-d preference studies. Experimental procedures were similar to those used in the cat preference study, except foods being compared were made available for 20 min then recovered and weighed, and intake of each was determined.
Experiment 4
Five male and two female adult Beagles were housed individually in raised crates with expanded metal flooring (.85 × 1.2 m). The flooring had a polyvinyl coating with oval openings (2.25 × 4.5 cm) that facilitated collection of the feces and separation from the urine. Each crate was equipped with a resting pad (.6 × .45 m). The crates were located in an air-conditioned room. Dogs had ad libitum access to water. Apparent digestibilities of Diets V0 and V6 were evaluated during two consecutive weeks in a crossover design, essentially using quantitative collection procedures without urine collection described by AAFCO (1996) . All dogs were fed Diet V0 during a 1-wk pretest period. One day before initiation of the digestibility study, each dog was deprived of food overnight then weighed. Dogs were fed once daily at the same time every day (0900). They were fed an amount of food estimated to meet their maintenance energy needs as described for Exp. 1. Orts were recovered immediately prior to the next feeding, weighed, and used in calculation of apparent digestibility.
The feeding during each week of the digestibility studies consisted of two phases: a 4-d adaptation period and a 3-d total collection period. Total feces voided during each 24-h period were collected, weighed, composited for each dog, and stored at 0°C. Collected samples of feces, orts, and feeds were oven- dried for 72 h at 60°C and ground through a 2-mm screen in a Mikro-Samplmill (Summit, NJ). Sample contents of DM, CP (calculated from nitrogen analysis), and crude fat (following acid hydrolysis) were determined using AOAC (1985) approved methodology. Gross energy contents of the samples were determined using adiabatic bomb calorimetry (Parr Instrument, Moline, IL).
Statistical Analysis
For Exp. 1 and 2, pen was used as the experimental unit. Average daily ME intakes expressed as kilocalories per BW .75 were plotted against dietary DON level. Broken-line regression analysis was performed using Sigma Plot (SPSS, 1997) procedures. Daily ME intakes were regressed on dietary DON concentrations to determine the amount of DON that resulted in reduced food intake. Daily ME intakes of dogs receiving Diet 6V were plotted against days and subjected to regression analysis using Sigma Plot (SPSS, 1997) to determine the pattern of intake during and after exposure to DON-contaminated food. Preference study methodology and statistical analyses were based on work by Hegsted et al. (1956) and G. F. Krause (University of Missouri, Columbia, personal communication). Accordingly, days the dogs and cats preferred each of the two diets being compared (as judged by greater intake of one vs the other) were subjected to a 1:1 goodness-of-fit chi-square analysis. When two foods were offered simultaneously intakes of the two were negatively correlated, and the variances were not independent of each other. For these reasons, the usual statistical methods of comparing two means (e.g., Student's t-test) were invalid. Digestibility data collected in Exp. 4 were subjected to analysis of variance using GLM procedures (SAS, 1990) . Diet and dog were included as main effects in the model for testing all dependent variables.
Results
Analyzed diet contents of CP, crude fat, and DON after extrusion are presented in Table 1 . Diet V10 had more protein than Diet V0, in part because spring wheat contains more protein than winter wheat. Fat levels of the two extruded diets were similar. Deoxynivalenol content of Diet V10 remained at 10 mg/kg following extrusion and drying. These results provide evidence that DON is stable during the processing conditions used, which we believe are representative of usual commercial conditions. Blends of Diet V10 with Diet V0 were determined to contain near expected levels of DON (analyzed concentrations in parentheses): V1 (.9), V2 (1.8), V4 (4.0), V6 (6.2), and V8 (8.1).
Experiment 1
Results of Exp. 1 are presented in Table 2 . All dogs consumed the full allotment of Diet V0 during a 2-d pretest period (data not shown). Dogs assigned diets with DON levels of 0, 1, 2, or 4 mg/kg consumed 84 to 100% of the food offered during the 14-d test period and no vomiting was observed. There was no apparent influence of these levels of DON on weight gain or food intake. The 14 dogs (eight pens) fed Diet V6 did not vomit, but food intake was depressed and they lost weight during the study, indicating their maintenance requirements were not being met. A plot of their daily energy intake is shown in Figure 1 . Daily energy intake of these dogs was reduced the day of introduction of the DON-contaminated diet, and the decreased intake continued and worsened during the 14-d study. Normal intake was observed the day following withdrawal of the contaminated food. Two Brittany males housed in one pen and fed Diet V8 consumed a total of 544 g on d 1 (data not shown), and both dogs vomited within 2 h after being fed. They also vomited soon after eating on d 2 but consumed less food (122 g). No further vomiting was Figure 1 . Energy intake during and recovery after ingesting 6 mg of DON/kg of diet (Exp. 1). Values plotted are means ± SEM (n = 8). The regression equation for daily ME intake while ingesting 6 mg of DON/kg was as follows: kcal ME/BW .75 = 127.1 ± 4.5 − day × 2.58 ± .52. observed in this pen, but, because of low food intake (21% of food offered) and body weight loss, they were removed from the study on d 8. Similarly, one pen of Beagle females (three dogs per pen) fed Diet V10 was removed from the study after only 4 d because of extremely low food intake (15% of food offered) and body weight loss. These dogs consumed a total of 250 g on d 1, and all dogs in the pen vomited within 4 h after feeding. Less food was consumed on subsequent days (154, 50, and 90 g on d 2 to 4, respectively) and no further vomiting was observed in this pen. Overall, vomiting was observed in five of seven pens assigned to Diet V10. Inspection of the raw data (data not shown) revealed no vomiting in two pens (two dogs per pen) of Beagle males with markedly reduced food intake (27% of the food offered). Vomiting was observed on only d 1 in two pens of Brittany females (two dogs per pen) that ate normally on d 1 but consumed less food on d 2 and during the remainder of the study. Surprisingly, two individually penned Beagle females consumed nearly 100% of their allowance of Diet V10 during the 14-d study. One of these dogs did not vomit until d 13 of the study, whereas the other Beagle female vomited 1 and 3 h after feeding on d 1 and soon after feeding on d 2, 3, 11, and 13. Average intake of dogs fed Diet V10 was approximately 50% of maintenance but was extremely variable, ranging from approximately 15 to 100%.
A plot of the average daily ME intake of the dogs in Exp. 1 vs dietary DON level is shown in Figure 2 . The inflection point of the segmented line of best-fit indicates that DON reduces food intake of adult dogs at levels greater than 4.5 ± 1.7 mg DON/kg. The slope of the descending line is likely biased upward by the removal of three dogs from Diet V10 because of feed refusal, but this would not be expected to markedly change the inflection point.
Experiment 2
Results of Exp. 2 are presented in Table 3 . During the 2-d pretest period, all cats consumed the full allotment of Diet V0 (data not shown). Cages of cats (two cats per cage) that received diets with DON levels of 0, 1, 2, 4, 6, or 8 mg/kg consumed nearly all the food offered during the 14-d test period (94 to 100%). Even so, cats fed these diets lost an average of 4% body weight ( 5 to 10 g/d), indicating that the food allowance may not have fully met their maintenance needs. Cats fed Diet V1 were removed from the study because of excessive unexplained weight loss (19%) by one cat. Cats that were fed Diet V10 lost more than 22 g/d due to low food intake. One cat fed Diet V4 vomited less than 10 min after being fed on d 7. This was unexpected, because the other cat in this cage did not vomit, nor was vomiting observed in other cages of cats that were fed diets with ≤ 8 mg of DON/kg. The seven cages of cats that were fed Diet V10 consumed an average of 46% of their food allowance, and vomiting was observed in four of the seven cages. But, as we observed in Exp. 1 with dogs, extremely variable Figure 2. Broken-line response of dogs to graded increments of DON (Exp. 1). Values plotted are daily energy intake means ± SEM vs diet DON concentration. The inflection point occurred at 4.5 ± 1.7 mg of DON/ kg. The energy intake plateau was as follows: kcal ME/ BW .75 = 125.5 ± 10.1. The energy intake slope at levels of DON above the inflection point was −11.8 ± 4.5. The inflection point occurred at 7.7 ± 1.2 mg of DON/ kg. The energy intake plateau was as follows: kcal ME/ BW .75 = 74.9 ± 8.2. The energy intake slope at levels of DON above the inflection point was −17.5 ± 8.8.
food intake and vomiting responses were observed among cats that received Diet V10. Inspection of the raw data (data not shown) revealed that these cats consumed 12 to 78% of their food allotment. Two separately caged female cats that consumed most of their food allotments on d 1 vomited on d 2, then they reduced food intake. No further vomiting was observed until d 14 when one of these cats was observed to vomit. Records indicated that this cat had increased intake on d 13 and 14. One female cat that continued to eat most of her food allotment vomited on d 1, 4, and 5 before reducing food intake. However, multiple incidences of vomiting ( d 2, 3, 5, and 10) were observed for one cat that ate a limited quantity of food throughout the study.
A plot of the average daily ME intake of the cats vs dietary DON level is shown in Figure 3 . The best-fit broken line indicates that DON reduces food intake of cats at levels greater than 7.7 ± 1.2 mg DON/kg.
Experiment 3
Results of the preference studies are presented in Table 4 . Cats consumed similar quantities of Diets V0 and V6, but, for unexplained reasons, they significantly preferred Diet V6. Dogs that had not been exposed to DON exhibited no significant preference for Diet V0 or V6 and consumed nearly equal amounts of the two diets. However, seven dogs previously exposed to DON-contaminated food, when given a choice, exhibited a preference ( P < .001) for Diet V0. They consumed a negligible amount of Diet V6.
Experiment 4
All seven dogs readily consumed Diet V0 during the 1-wk pretest period and during the digestibility study (85% of food offered), but it was necessary to remove two dogs from the evaluation of Diet V6 because they did not consume allotted quantities of the DONcontaminated food. Means of five dogs with nearly normal intake (82% of food offered) are presented for this group. Results are presented in Table 5 . Similar results were obtained for the two diets. Fecal dry matter was not affected by intake of DON-contaminated food, and there were no differences between Diet V0 and V6 in apparent nutrient digestibilities or ME contents.
Discussion
The determined ME of 3,564 kcal of ME/kg for Diet V0 in Exp. 4 was 8% higher than the estimated value (3,300 kcal of ME/kg) that was based on modified Atwater factors. This was expected because the modified Atwater factors underestimate the energy value of low-fiber foods (NRC, 1985) . Metabolizable energy content of dog food was not affected by 6 mg of DON/kg. Deoxynivalenol also does not alter ME content of poultry feed (Bryden et al., 1987) . Calculations and plots of energy intake of dogs and cats in studies reported here are based on the determined ME content of Diet V0, irrespective of dietary DON content.
Swine are recognized as the livestock species most susceptible to DON toxicity, mainly characterized by feed refusal or reduced feed intake (Harvey et al., 1996) , but DON may be as toxic to dogs. Feed intake of young growing pigs is reduced by as little as 1 to 2 mg of DON/kg of feed (Young et al., 1983) . However, sensitivity to DON toxicity is influenced by age (Bryden et al., 1987) ; younger pigs are more adversely influenced by dietary DON. Young growing dogs or cats were not used in our studies, preventing evaluation of age influence. Toxicity of DON may also be influenced by gender. Cote et al. (1985) reported that castrated male pigs were more adversely affected by DON than were female pigs. Dog breeds and genders were not evenly distributed across all DON levels in Exp. 1, possibly introducing bias. However, dog energy intake response to DON level did not seem to be influenced by either gender or breed ( n in parentheses): Brittany males 106 ± 20 ( 5 ) , Brittany females 101 ± 16 ( 8 ) , Beagle males 106 ± 14 (10), and Beagle females 89 ± 20 ( 5 ) .
Food intake of dogs, like that of swine (Forsyth et al., 1977; Trenholm et al., 1994) , is progressively reduced by higher DON levels, and the dietary levels that result in feed refusal may be similar for dogs and pigs. Young et al. (1983) reported minimal intake of swine at dietary DON levels above 12 mg/kg, and the slope ( −11.8 ± 4.5 kcal of ME/BW .75 ) of our intake data at DON levels higher than 4.5 mg DON/kg indicates feed refusal by dogs at DON levels above 15 mg/kg. Young et al. (1983) reported vomiting within minutes after consumption by swine of a diet containing 20 mg of DON/kg, but not at lower levels. Dogs may be more prone to vomiting than swine, perhaps because of their well-known tendency to eat their food quickly.
The exact mode of action of DON is unknown. Diets naturally contaminated with DON do not consistently alter swine serum biochemical profiles (Trenholm et al., 1994; Harvey et al., 1996) , and no attempt was made to monitor changes in blood chemistry in these studies. It is known that dietary DON delays gastric emptying and intestinal propulsion of rats and mice in a dose-related manner (Fioramonti et al., 1993) , perhaps by altering brain serotonin concentrations. The fact that dramatic reductions in feed intake and(or) vomiting may occur within minutes following intake of DON-contaminated food by pigs (Young et al., 1983; Friend et al., 1992) , dogs, and cats indicates that dietary DON is rapidly absorbed. The normal feeding pattern of swine (Cote et al., 1985) or dogs is not resumed as long as exposure to DON continues, but the rapid recovery of dogs following exposure suggest that DON is also quickly metabolized and(or) excreted.
Higher levels of dietary DON are required to elicit a performance depression in cats equal to that in pigs or dogs. This may be because of the cat's tendency to eat small amounts of food off and on over several hours (Owens, 1982) , as opposed to consuming large meals.
Implications
The use of crop culture practices in the United States that minimize tillage is increasing. Increased crop residues on the ground provide more fungal inoculants and create a more favorable environment for Fusarium growth. This increases the likelihood that cereal grains and their milling by-products used in pet foods will be contaminated with Fusarium toxins. Deoxynivalenol, the most prevalent Fusarium toxin, does not seem to be affected by conventional pet food processing. The toxicity of deoxynivalenol to dogs is similar to the well-documented toxicity of deoxynivalenol to swine, but vomiting is induced in dogs and cats at lower toxin concentrations than it is in swine. Greater concentrations of deoxynivalenol are required to reduce food intake of cats. However, once the food source of the toxin is removed, normal intake quickly resumes.
